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An annular cascade investigation was conducted to provide criteria

for the design of slotted rotors and stators to be tested in a subsequent

part of the overall program. The test stators were 65-series airfoils,

having a chord length of 6.5 inches and a calculated midspan D-factor

loading of 0.528 without slots. A slot located approximately midway

between the point of minimum pressure and the point of separation produced

the best performance, reducing the wake loss coefficient to about 17%

of that for the unslotted vane and increasing the lift coefficient and

air turning angle approximately 10% and 2 degrees, respectively.
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SECTION I

SUMMARY
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An annular cascade investigation was conducted to provide criteria

for the design of slotted rotors and stators to be tested in a subsequent

part of the overall program. The test stators were 65-series airfoils,

having a chord length of 6.5 inches and a calculated midspan D-factor

loading of 0.528 without slots. The tests were conducted at an inlet

Mach number of 0.64.

Initial tests of the unslotted stator disclosed that the minimum

pressure and separation points occurred at 12 and 85% of the chord,

respectively. Based on these data, two axial slot locations were selected.

The forward location was at 55% of the chord on the suction surface, which

was approximately halfway between the minimum pressure point and the flow

separation point. The rearward point was selected at 75% of the chord, which

was slightly ahead of the flow separation point for the unslotted configu-

ration. In addition to slot location, several variations of slot geometry

were tested at each slot location.

For the forward slot location, the stator wake loss coefficient varied

between 17 and 43% of the unslotted loss coefficient, depending on the

slot geometry utilized. For the rearward location, the loss coefficient

ranged between 76 and 187% of the unslotted loss coefficient, depending

on the slot geometry employed. Data for both slot locations indicated

about the same increases in lift coefficient and air turning angle. The

slot configuration with the lowest wake loss coefficient showed increases

in lift coefficient and turning angle of about 10% and 2 degrees, respec-

tively.
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SECTION II

INTRODUCTION

w

m

w

Significant advancements in compressor technology require (I) advanced

rotor and stator concepts in terms of improved blading for high flow Mach

numbers, (2) high lift devices for stators and rotors, and (3) a more ad-

justable geometry to extend the stall-free flo_ range. Progress in any

of these areas may result in a sizable reduction in the number of com-

pressor stages required for any specific application, and an improved

compressor.

Pratt & Whitney Aircraft is engaged in a program under NASA Contract

NAS3-7603 to investigate the application of high lift devices (in the

form of slots) to subsonic rotors and stators. A systematic investigation

of slots _ill be made to establish the feasibility and extent to which

slotted blade concepts can be used [o increase allowable blade loadings

and the stable operating range of compressor stages. To accomplish this

objective, three stator blade rows and three rotor blade rows will be

built and tested. Tests with stators _;ill use a representative state-

of-the-art rotor to generate the stator inlet flow.

_J

A survey of the literature on slotted airfoils was conducted to

determine if any design information applicable to compressor blading

existed. A bibliography is presented in Appendix C. The results of

this survey showed that, _ereas much data exist for isolated airfoils

at low Mach numbers, slot design criteria applicable to high speed

cascades are not available. It was therefore proposed, as part of the

contract design effort, to conduct a series of annular cascade tests

with slotted stators to establish preliminary criteria for the design

of the slotted rotors and stators for the rotating stage test program.

=

A set of high turning inlet guide vanes was used to establish the

whirl distribution into the stator test blade row of the annular cascade.

These guide vanes _Jere designed to produce essentially a constant flow

angle from hub to tip for the 0.8 hub-tip ratio test vehicle. The test

stator had a constant section from root to tip and had no twist. Initial

tests _ere conducted _ith the unslotted stator blades to obtain their

pressure distribution and flo_ separation point. On the basis of these

II-I
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tests, two chord_ise slot locations _ere chosen, and a range of slot

geometries _Jas investigated for each location. Because of the preliminary

nature of these tests, only mean radius data were obtained for essentially

one flow condition, angle of attack, and Mach number. Selection of the

best slot location and geometry _as based on wake loss, integrated lift

coefficient, and cascade turning. This report presents the details of

the test equipment, procedures, and test results for this preliminary

annular cascade study.

J
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SECTION III

TEST EQUIPMENT

A. TEST FACILITY

The annular cascade tests were conducted in the compressor research

facility shown in figures III-i and 111-2.* In the nonrotating mode of

operation, a J75 engine is used in conjunction with a two-stage ejector

system to draw ambient air through the compressor rig. Flow rates up to

approximately ii0 ib/sec are possible at atmospheric inlet pressure.

Ambient air enters the compressor test rig through a 78-foot inlet duct,

plenum chamber, and bellmouth inlet and exhausts through the ejector

system. Airflow rate is measured by means of an ASME thin plate orifice

located in the inlet duct. The plenum chamber is sufficiently large to

provide essentially stagnation conditions upstream of the bellmouth inlet

to the test rig, and a long diffuser ahead of the plenum ensures uniform

conditions across the chamber.

The inlet duct and plenum chamber are mounted on a track and can be

rolled away from the test rig. A pneumatic tube seal is used to prevent

air leakage between the plenum chamber and test rig.

B. COMPRESSOR TEST RIG

The compressor test rig consisted of a bellmouth inlet, support struts,

inlet guide vanes, test stators, and an exhaust diffuser section, as shown

schematically in figure 111-3. Inner and outer wall diameters at axial

stations of interest are tabulated in the figure. The desired gas path was

formed by fabricated wooden filler sections. A split test case provided

convenient accessibility for blading changes without removing the entire

rig from the test stand.

The test section had a hub/tip ratio of approximately 0.8, and was

comprised of a row of 50 inlet guide vanes that set the stator inlet cen-

ditions and a row of 20 test stators that turned the flow back to the near-

axial direction. The inlet guide vane and stator blade row assemblies were

each divided into two 180-degree sections. The guide vanes were fabricated

from stainless steel and tack-welded to the shrouds. The stator and stator

u

w

*Figures are presented in Appendix D.
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shrouds were fabricated from aluminum and the stators were positioned with

dowel pins and held in place with machine screws, as shown in figure III-4.

For the slotted stator tests, only the vanes in the upper 180-degree section

were slotted.

C. INLET GUIDE VANE DESIGN

The inlet guide vanes were designed for a constant turning of 50.4

degrees. NACA series 63 blade sections were chosen for this blade row.

Details of this design are listed in table III-l.

D. STATOR DESIGN

..,..

ll-

L_

Selection of the stator configuration for slot evaluation was based

on the criterion that the stator should be typical of the blading geometry

to be used in the rotating phase of the program. The 65-series airfoil

section was selected for the stator vane profile (NACA 65-(16)09). A vane

chord of 6.5 inches was chosen to permit the installation of sufficient

static pressure instrumentation, and to provide a large scale model that

would allow accurate determination of the effect of small changes in

slot geometry.

The stator vane had a constant equivalent circular arc camber of

38.85 degrees from the hub to the tip and was untwisted. The loading

(D-factor) distribution from hub to tip was 0.55 to 0.50 with a value

of 0.528 at the mean radius. The inlet Mach number varied from 0.67

at the hub to 0.61 at the tip with a mean radius value of 0.637. Other

details of the stator design are given in table III-l,

Table III-l. Summary of Design Data For The

Inlet Guide Vane and Test Stator

Series Airfoil

Chord (in.)

Thickness Ratio

Camber (deg)*

Inlet Metal Angle (deg)*

Exit Metal Angle (deg)*

Aspect Ratio

*Based on equivalent circular arc meanline.

Inlet Guide Vane Stator

Hub Mean Tip Hub Mean Tip

63 63 63 65 65 65

3.00 3.00 3.00 6.546 6.546 6.546

0.06 0.06 0.06 0.09 0.09 0.09

-72.8 -72.8 -72.8 38.8 38.8 38.8

-18.2 -18.2 -18.2 48.9 48.9 48.9

54.6 54.6 54.6 i0.i i0.i i0.i

1.306 1.306 1.306 0.554 0.554 0.554

• z
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Table III-l. Summary of Design Data For The

Inlet Guide Vane and Test Stator (Continued)

Inlet Guide Vane Stator

Hub Mean Tip Hub Mean Tip

Blade Chord Angle (deg) 35.7 35.7 35.7 29.5 29.5 29.5

Solidity 1.412 1.294 1.200 1.234 1.237 1.054

Inlet Absolute Mach Number 0.321 0.321 0.321 0.674 0.637 0.6085

Inlet Absolute Air Angle (deg) 0.0 0.0 0.0 51.6 50.4 49.3

Exit Absolute Air Angle (deg) 51.6 50.4 49.3 22.7 21.7 21.9

Diffusion Factor 0.552 0.528 0.504

Loss Coefficient 0.139 0.139 0.139 0.0439 0.0382 0.0348

Deviation (deg) 3.0 4.2 5.3 12.6 11.6 11.8

E. INSTRUMENTATION

Instrumentation was provided primarily for the measurement of midspan

wake profile, chordwise pressure distribution, and stator air turning.

Axial location of instrumentation stations are shown in figure III-3, and

schematics showing the instrumentation in detail are presented in fig-

ures III-5 to III-9. The two instrumentation stations of primary concern

are Stations 2 and 3A. Station 2 was located just ahead of the test

stators and Station 3A was about 1/2 chord length downstream of the stators.

I. Instrumentation for Rig Inlet Conditions

Weight flow was measured with an ASME standard thin plate orifice located

in the inlet duct.

Six static pressure taps and six temperature probes were located in the

plenum chamber for measurement of inlet total pressure and temperature.

The circumferential and radial locations for this instrumentation are shown

in figure III-6.

Three static pressure taps were located on both the inner and outer

walls upstream of the inlet guide vanes (Station 0). From a rig calibra-

tion over a wide range of weight flows, a calibration between these static

pressures and weight flow was derived and used to check subsequent weight

flow measurements.

III-3
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2. Stator Inlet; Station 2

Stator inlet conditions were measured at Station 2. A section view of

the flow path at Station 2, showing the circumferential and radial location

of the instrumentation, is presented in figure III-6. Inlet air angle

measurements were obtained at three circumferential locations with 20-degree

wedge traverse probes. Three Kiel probes were used for midspan total pres-

sure measurement, and a wake probe was installed to measure inlet guide

vane wake total pressure distribution. The wake probe was approximately

aligned with the average guide vane exit air angle. Three static pres-

sure taps were located on both the inner and outer wall.

A 20-degree wedge probe was added during the test program at midspan-

midchannel approximately 1/2 chord length downstream of the inlet guide

vane row (Station i). This probe was added for measurement of guide vane

exit angle at a position that was not influenced by the guide vane wakes.

Figure III-6 shows the location of this probe in a section view of the

flow path.

3. Stator Exit; Station 3A

Stator exit conditions were measured at Station 3A. A section view

of the flow path at this station is shown in figure III-6.

Four 20-degree wedge traverse probes were used for stator exit angle

measurement and four Kiel probes were used for midspan total pressure

measurement. Two of the traverse probes were added during the test pro-

gram. A wake probe was used for stator wake total pressure measurement.

Eight static pressure taps were located around the outer wall to detect

the presence of flow nonuniformity that might occur as a result of having

unslotted stators in the lower half of the test section. Two static taps

were located in the inner wall.

4. Stator Surface Pressure Taps

Three test stator vanes were instrumented with static pressure taps to

provide a sufficient number of chordwise pressure measurements. The instru-

mented vanes are designated A, B, and C in figure III-5. The spanwise and

III-4
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chordal locations of the pressure taps are shown in figure 111-7. The

location of taps in the slot region are shown in figures 111-8 and 111-9

for the forward and rear slots respectively. Figure III-i0 illustrates

the method of installation of the pressure taps.

Installation tolerances from vane to vane caused a small variation in

stagger angle and consequently incidence angle. Because static pressure

distribution is a function of incidence angle, stagger angles are tab-

ulated below for the vanes with surface static pressure taps.

Unslotted and Forward

Slot Configurations

Rear Slot Configurations

Vane A Vane B Vane C

?o, deg ?o, deg _°, deg

29.0 29.75 30.0

29.0 29.17 29.08

5. Description of Probes

Details of the 20-degree wedge probe, wake probe, and Kiel probe are

shown in figure III-ii. The wedge probe contained side pressure pickups

for air angle measurement, a total pressure pickup, and a total tem-

perature pickup.

The wake probe contained 16 total pressure pickups formed by

0.042-in. (OD) hypo tubing and spaced as shown in the figure.

6. Instrumentation Readout

All pressure and angle data were automatically recorded. Traverse probe

data (total pressure and air angle) were recorded on magnetic tape at the

rate of 60 samples (2.5 inches probe travel) per minute. Steady-state

pressure measurements were obtained using Scannivalve multi-channel pressure

transducer system that includes automatic data recording on IBM cards.

Temperatures were indicated on a precision potentiometer, and manually

recorded on IBM cards.

Plenum conditions and flow measuring orifice measurements were also

recorded on manometer tubes in the test stand control room to permit

setting the desired corrected flow conditions.

111-5
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A. TEST PROCEDURE

Two tests were conducted with the unslotted stators to provide data

on which to base slot location and to provide data for a comparison between

the unslotted and slotted stator performance. Subsequent tests involved

alternative use of a forward and rear slot configuration. To simplify

testing, it was desirable to slot only the stator vanes in the upper half

of the annulus. Comparisons of circumferential distributions of wall

static pressure for the unslotted tests and the initial slotted tests

indicated that although there was a definite circumferential variation

of static pressure, the pattern did not change appreciably when slotted

vanes were installed in only the upper half of the annulus. Therefore,

it was considered adequate to slot only half of the test vanes for this

preliminary slot configuration investigation. A comparison of wall static

pressures at the stator exit with and without slotted stators in the upper

half of the test section is shown in figures IV-I and IV-2.

The tests were conducted at an approximate stator inlet Mach number

of 0.64 and a corresponding corrected weight flow of 81.5 ib/sec. Flow

conditions were set by controlling the J75 slave engine exhaust flow

through the ejector system. When steady-state flow conditions were

established, fixed instrumentation pressure and temperature measurements

were recorded. The traverse probes were then actuated and data recorded,

followed by a second recording of fixed instrumentation pressures and

temperatures.

Immediately before the end of each test, a solution of Blue Dykem

metal marking dye and alcohol was injected through static pressure

orifices onto the suction and pressure surfaces of the three instrumented

stator vanes to provide visual inspection of the boundary layer flow

characteristics.

IV-i
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B. DATA REDUCTION PROCEDURE

I. Preliminary Data Reduction

An IBM computer program was used to convert magnetic-tape-recorded

data and data recorded on IBM cards to engineering units. Traverse data

(total pressure, total temperature, and air angle), obtained at approxi-

mately O.04-inch increments across the span, were automatically plotted

(as well as tabulated). The tabulated data were used to select midspan

values of total pressure and air angle. The plotted data were inspected

for general profile shape, as well as for inlet guide vane wake and

secondary flow influences.

2. Parameter Calculation

The following parameters were calculated for the analysis of test

data and the evaluation of slotted stator performance. Symbols are defined

in Appendix A.

a. Static Pressure Coefficient

Stator vane surface static pressure measurements are presented in

the form of pressure coefficients, defined as follows:

= (P_ - _2)/_2

where :

p_ : local vane surface pressure

P2 = arithmetic average of wall static pressures

upstream of stator (Station 2)

-- 2

]2 = P2M2

"Y: 1.40

and

P2 = area-average total pressure at Station 2
(midspan)

U

U

u
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b. Total Pressure Loss Coefficient

as

Total pressure loss coefficient for the inlet guide vanes is defined

P _ P
0 2

O_0- 2 q0

Guide vane inlet dynamic pressure, qo was obtained as a function of inlet

Mach number, M0, which was determined from isentropic flow relationships

using measured weight flow, plenum pressure and temperature, and the

appropriate flow area.

Stator vane wake total pressure loss coefficient is defined as

where P3A is the area-average total pressure at Station 3A (stator exit).

Area-average total pressure at Stations 2 and 3A were obtained by manual

integration of midspan wake total pressure distributions.

c. Total Pressure Loss Parameter

Wake total pressure loss is also presented in terms of the loss

parameter

where:

_2-3A c°s _3A

2_

_3A = stator exit air angle (Station 3A)

= solidity, ratio of chord to spacing

d. Diffusion Factor

Diffusion factor is defined as

V3A _V0 2- 3A

D F = 1 - V--2- + 2_V2

r

H
r-_
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V 2 = velocity at inlet to stator (Station 2)

V3A = velocity at exit of stator (Station 3A)

AV# 2-3A = change in tangential velocity across the stator

Lift Coefficient

Lift coefficient is defined as

_pp - Ps)dc

CL - _
q2 c

where:

pp static pressure on pressure surface

Ps static pressure on suction surface

c = stator vane chord length

_G

= =

!-;!
= ,

The pressure area term, (pp - Ps)dC, was obtained by manual integration

of the static pressure distributions. Each section of the slotted stator

vanes was treated as a separate airfoil for the integration.

f. Stator Air Turning

Because of the influence of inlet guide vane wakes and secondary flows,

the air angle measurements at midspan for different probes at a particular

station varied by several degrees. The evaluation of the effect of slots

on turning angle was therefore based on a study of individual probes

selected on the basis of their proximity to wakes and the uniformity of

indicated pressure and angle profiles in the midspan region.

w

w

|_

IV-4



z

= =

m

w

|_

= .

w

Pratt & Whitney Aircraft
PWA FR-1669

SECTION V

RESULTS AND DISCUSSION

As stated previously, the objective of the annular cascade investi-

gation of slotted stators was to provide guidelines for the design of

slotted rotors and stators to be tested in a subsequent part of the

overall program. In accordance with this objective, the cascade program

was limited to the evaluation, based on mean radius measurements, of

eleven slot geometry configurations and two slot locations. No attempt

was made to resolve circumferential variations in wall static pressure

and air angle; and end-wall boundary layer development through the 6.5-inch

chord cascade was ignored.

The results of the annular cascade tests are presented in this section.

Tabulations of total pressure, static pressure, and air angle data are

included in Appendix B.

A. UNSLOTTED STATOR VANE PERFORMANCE

i. Inlet Guide Vanes

a. Exit Air Angle

Midspan air angle measurements behind the inlet guide vanes are

summarized in table B-I. Air angle measurements obtained with each of

the four wedge traverse probes are generally within ± 1.0 degree of the

average angle for each probe. The air angles for different probes range

from 45.3 to 53.7 degrees. This variation is attributed to slight

differences in the location of each probe relative to adjacent guide

vane wakes. On the basis of their overall average value, the guide vane

exit air angles indicate that the stator may have been operating at

approximately 2 degrees below design incidence, which would slightly

unload the stator. Since the midspan air angle measurements encompassed

the design value of 50.4 degrees, no attempt was made to improve the

data by relocating probes to eliminate possible guide vane wake influence.

Also, it was not considered necessary within the scope of the annular

cascade program to restagger the guide vanes to increase the average exit

angle to the design value. The guide vane design exit air angle was

subsequently used in conjunction with stator exit air angles for evaluation

of stator turning.

V-I
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A typical measured spanwise distribution of air angle is compared

with the design air angle distribution in figure V-I. The slope of the

measured angle distribution matches that of the design distribution

fairly well between about 25 and 75% span at a level approximately 2

degrees below the design values.

b. Total Pressure Loss

A typical guid? vane midspan wake total pressure profile is sho_

in figure V-2. The profile is plotted as the ratio of local total pres-

sure to inlet guide vane total pressure, P/Po, vs channel distance in

the plane of the probe. Vertical lines in the figure indicate the mid-

channel projections of two adjacent channels. The wake probe was posi-

tioned so that it overlapped one complete channel width.

The size of the wake, with respect to the channel width, appears

large because the measuring station is about 2 chord lengths downstream

of the guide vane exit plane. The maximum local total pressure deficiency

in the wake is very small (approximately 2%). The range of integrated

values of total pressure ratio, _2/P0, for all but two of the tests varied

between 0.9953 and 0.9959. An average value of 0.9956 was used for all

of the stator total pressure loss coefficient calculations. The guide

vane loss coefficient based on this average total pressure ratio and an

inlet Mach number of 0.324 is 0.0643, compared with the design loss

coefficient value of 0.139.

2. Stators

a. Pressure Coefficient Distribution

The pressure coefficient (Cp) curve for the unslotted stator (Configura-

tion i) is presented in figure V-3. Table B-2 lists the pressure coefficients

for two different unslotted stator tests (Configurations I and IA). Note in

figure V-3 that the pressure coefficient curve flattens out at approximately

85% chord on the suction surface; this indicates apparent flow separation at

this point. This is supported by the dye patterns shown in figure V-4, which

indicate flow separation at approximately the same chordal location.

The suction surface portion of the curve in figure V-3 was drawn through

the Vane A pressure coefficient data to permit consistent comparisons with

the forward and rear slot configuration pressure coefficient distributions,

as discussed in Section V, paragraph C.2.
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b. Total Pressure Loss

Midspan _ake total pressure profiles for the two unslotted stator

configuration tests are shown in figure V-5. Total pressure data are

presented in table B-3. Values of loss coefficient, _, based on integration

of the wake profiles shown in figure V-5, are 0.071 and 0.068 for Con-

figurations 1 and IA, respectively.

&
cos_, and D-factor for the un-

Value of midspan loss parameter, 2_

slotted stators were calculated for comparison with NACA stator loss

data published in Reference I*.

follows:

The calculated values are listed as

Configuration 1 IA

Loss parameter 0.029 0.028

D-Factor 0.442 0.466

These results are compared in figure V-6 with NASA stator mean radius

loss data for NACA 65-AI0 series airfoils and a loss correlation curve

that represents root, mean, and tip section loss measurements for the

NACA 65-AI0 series and double circular arc airfoils. Although the two

annular cascade test points are not in good agreement with the correlation

curve, they correlate fairly well with the NASA stator mean radius data.

c. Air Turning Angle

Midspan stator exit air angles for the two unslotted stator tests

are listed below:

Probe Circumferential Location, deg

Configuration 1

Configuration IA

24 228

Stator Exit Air Angle, deg

23.8 21.4

23.7 21.4

The difference in the air angle values for the two different probes

is attributed partly to their relative proximity to the adjacent stator

vane wake. The probe at circumferential position 24 degrees is in close

proximity to a vane pressure surface, whereas the probe at 228 degrees

*Reference I: Aerodynamic Design of Axial Flow Compressors (Revised),

NASA SP-36, 1965, pp 240 and 248.
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is in close proximity to a vane suction surface. The angle measurements

obtained _ith the first probe are therefore considered more reliable than

those of the second probe. Based on the guide vane design exit angle of

50.4 degrees and the stator exit angles obtained with the 24-degree probe,

the unslotted stator turning was 26.6 degrees compared with a design

stator turning of 28.7 degrees.

Bo SLOT CONFIGURATION SELECTION

i. Slot Location

The follo_Jing general criteria were established to determine the

location of slots for the stator vanes:

i. The slot should be located upstream of the point of flow

separation. If the slot flow exhausted into a separated

region, it could not effectively turn the primary flow

back toward the suction surface.

2. The slot should be located in a region where the pressure

difference bet_Jeen the suction and pressure surfaces is

sufficiently high to provide high slot flow velocity.

High slot flow velocity was considered important in

permitting sufficient energy addition to the suction

surface boundary layer to provide unseparated flow

essentially to the blade trailing edge.

The pressure coefficient distribution in figure V-3 indicates suction

surface boundary layer separation at about 85% chord and s maximum pres-

sure difference across the vane at approximately 12% chord (minimum

pressure point location on suction surface). On the basis of the general

criteria above, two slot locations between 12 and 85% chord were selected

for evaluation. One slot was located at 75% chord, close to the separation

point. The slot flo_ st this location was expected to eliminate flow

separation by energizing the boundary layer region. The second slot was

located at 55% chord. The function of the slot flow at this location

was to energize the boundary layer prior to incipient separation.
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2. Slot Geometry

Slot geometry variables of primary concern in this investigation were

slot contraction ratio, YI/Y2; Coanda radius, R; and pressure surface lead-

ing edge radius, rI. Definitions of the geometry nomenclature and a summary

of the slot dimensions for all of the configurations is presented in fig-

ure V-7. Although slot angle, #, and pressure surface radius, R , are
P

considered to be significant variables, they were not systematically

evaluated in this investigation.

The slot exit width, Y2' was calculated on the basis of an arbitrary

slot flow requirement equal to approximately 3% of the primary flow,

using the theoretical pressure drop between the pressure and suction

surfaces. The resulting slot configurations are shown in figures V-8

and V-9 for the forward and rear slots, respectively. Configurations

not indicated in the sequence of configuration numbers between 2 and 18

refer to test geometries and Reynolds number conditions that were omitted

from the planned test program as warranted on the basis of test results.

C. SLOTTED STATOR VANE PERFORMANCE

i. Total Pressure Loss

Midspan total pressure data for the slotted stator configurations are

summarized in table B-3. Wake profiles for a forward slot and a rear

slot stator c'onfiguration are compared with an unslotted vane wake profile

in figures V-10 and V-II, respectively. Midspan wedge and Kiel probe

readings were translated to the wake probe channel and are superimposed

on the wake profile for comparison. The actual circumferential locations

of these probes are indicated in degrees.

Figure V-IO shows a comparison of an unslotted vane wake with the

wake obtained with forward slot configuration 9. A significant reduction

in wake size can be seen with a shift of the wake toward higher flow turning.

The slight dip in pressure at channel distances of 0.6 and 2.0 inches are

attributed to inlet guide vane wakes. A third guide vane wake appears at 3.6

inches where the stator vane wake is reduced because of the slot. In general,

excellent agreement is seen between the translated probe pressures and the wake
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probe pressures. The mismatch of the two Kiel probe readings in figure

V-10 is attributed to their respective proximity to the steep part of

the _ake.

The wake profile for rear slot configuration 4 is compared with an

unslotted vane wake profile in figure V-If. The rear slot _ake is

similar in size to that of the unslotted stator vane; however, a notice-

able shift of the _ake toward higher turning is apparent.

Midspan values of loss parameter and D-factor calculated for the

slotted stator configurations are compared in figure V-12 with the NASA

stator loss data (Reference i). The annular cascade unslotted stator

results are included for comparison. Loss coefficient, loss parameter,

and D-factor for all of the annular cascade stator test configurations

are summarized in table V-I.

Table V-I. Loss Coefficient, Loss Parameter, and D-Factor for

Annular Cascade Stator Test Configurations

Configuration D-Factor _2-3A _2-3A c°s _3A

2_

Unslotted

1 0.442 0.071 0.029

IA 0.466 0.068 0.028

Slot at55%

Chord

2 0.429 0.028 0.012

5 0.437 0.021 0.009

7 0.460 0.031 0.013

9 0.458 0.012 0.005

15 0.439 0.014 0.006

18 0.456 0.030 0.013

Slot at 75%

Chord

4 0.487 0.063 0.039

6 0.476 0.053 0.022

8 0.476 0.073 0.030

i0 0.512 0.130 0.055

14 0.531 0.125 0.054
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The 55% chord slot data in figure V-12 show a significant reduction

in loss parameter level at the same general loading level as the unslotted

stators. Also, a significant improvement in loss is indicated when com-

pared to the NASA loss correlation curve and the NASA midspan stator

loss data for 65-AI0 series airfoils. The losses and D-factor values

for the 75% chord slot configurations are generally higher than those

for the unslotted stator and NASA data. It was apparent from the wake

profile in figure V-II that the rear slot location had little effect on

the size and shape of the stator wake, although the wake was shifted

about 2 degrees toward higher turning. The higher D-factor level obtained

_ith the rearuard slot as compared to the unslotted configuration may

be attributed to three-dimensional effects.

It is apparent from inspection of the D-factor values for all of

the stator configurations that the slots did not affect turning sufficiently

to produce a significant improvement in loading. It is considered thst

secondary flo_: build-up at the endwalls through the relatively long

chord stator limited the loading level capability of both slotted and

unslotted stators.

2. Lift Characteristics

Stator vane static pressure distributions were manually integrated

according to the method discussed in Section IV, Paragraph B.2, to

obtain lift coefficient. Static pressure data, in the form of pressure

coefficients, are presented in table B-2. Pressure coefficient distri-

butions for a typical forward slot configuration (9) and a typical rear

slot configuration (4) are shown in figures V-13 and V-14, respectively.

The pressure measurements obtained on stator vanes A, B, and C (figure

III-5) are indicated by symbol. The difference in suction surface pres-

sure coefficients for vane A and vane B in figure V-13 is believed to

have resulted from the approximately 1.0-degree difference in stagger

angle for these two vanes, as discussed in Section III, Paragraph E.4.

The curves drawn through the data points in figure V-13 favor the vane A

data because the installed chordal stagger of vane A most nearly matches

the installed chordal stagger angles of vanes A and C for the rear slot

configurations. The suction surface pressure coefficients for vanes A

and C for the rear slot configuration in figure V-14 are seen to be in

close agreement.
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Although the pressure taps exposed in the slot regions of the three

instrumented vanes were not all perpendicular to the surface, the pres-

sures indicated by these taps were used as guides in defining the pres-

sure distribution for the two separate airfoil sections. Dashed portions

of the curves indicate where the distribution shape _Jas estimated for

integration purposes.

It is worth noting that the level of pressure on the suction surface

at the forward slot exit is considerably lower (Cp -i.0) than the level

of pressure at the rear slot exit (Cp = -0.3). The relatively high velocity

associated _ith the lo_yer of the two pressures is a necessary part of

the desired Coanda effect at the slot exit.

Lift coefficients for all of the stator configurations are shown in

table V-2. In general, both the forward and rear slot configurations

appear to have produced a slight increase in lift coefficient over that

of the unslotted stator. The pressure data scatter negates a more detailed

evaluation of lift coefficient.

Table V-2. Lift Coefficients for Stator Configurations

Configuration Lift Coefficient

Unslotted

1 0.710

IA 0.680

Forward Slot

2 0.665

5 0.716

7 0.762

9 0.768

15 0.716

18 0.707

Rear Slot

4 0.765

6 0.732

8 0.744

i0 0.661

14 0.705
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3. Air Turning Angle

Stator exit air angles are summarized in table B-5. Angle measure-

ments obtained with probes at circumferential locations of 24, 65, 228,

and 328 degrees are presented. The probe located at 228 degrees was in

the lo_Jer half of the annulus behind unslotted stator vanes. Air angles

obtained with the probe at 24 degrees were selected for comparison with

the unslotted stator exit air angles because of the lack of sufficient

comparative data at the other circumferential location behind the slotted

vanes. A typical air angle distribution obtained with this probe is

sho_m in figure V-15. The measured mean radius air angle and the design

air angle distribution for the unslotted stator are included in the

figure for comparison. The unslotted stator exit air angle (Section V,

Paragraph A.I) was 23.8 degrees. The average stator exit air angle is

22.0 degrees for the forward slot configurations and 21.4 degrees for

the rear slot configurations, resulting in an average increase in turning

of about 2 degrees due to slots. This level of turning increase is

generally consistent with the increase in lift coefficient that resulted

from the slots. As sho_n in table B-5, no consistent variation in air

turning was indicated for the slot configurations tested.

F_
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Eleven slotted stator configurations and two slot chord locations

were evaluated in an annular cascade of 6o5-inch chord stators to provide

slot design guidelines for single stage rig blading. The relative per-

formance characteristics of the different configurations were evaluated

on the basis of loss coefficient, D-factor loading, lift coefficient, and

turning calculated from mean-radius measurements. Although this investi-

gation was limited in scope, it was extremely valuable in supplying the

information needed to develop preliminary slot design criteria for appli-

cation to the single stage rotor and stator blading that will be tested

in a subsequent part of the overall program. A preferred slot location

at approximately half the distance between the minimum pressure point

and the separation point was determined. This slot location provided

a greater reduction in wake loss than that obtained with a slot located

in close proximity to the separation point. A preferred slot geometry

was determined on the basis of minimum wake loss and maximum lift coef-

ficient.

A, EFFECT OF SLOT LOCATION ON PERFORMANCE

Although both slot locations produced an increase in exit air angle

and lift coefficient, the slot at 55% chord produced a considerably

greater reduction in wake loss than the slot at 75% chord. This result

is attributed to two factors:

i. The available pressure drop across the stator vane (pressure-

to-suction surface) at the 75% chord slot location was less

than the pressure drop across the vane at the 55% chord slot

location.

2. The suction surface boundary layer at 75% chord is thicker

than at 55% chord.

The first of the above factors results in a relatively low slot flow

velocity and thus reduces the Coanda effect. The thicker boundary

layer requires a larger pressure gradient normal to the suction surface

VI-I
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to induce freestream flow toward the surface• These factors tend to

support the result that the rear slot wake was shifted toward higher

turning but not reduced in size (figure V-If).

B. EFFECT OF SLOT GEOMETRY ON PERFORMANCE

The effect of slot geometry on performance was less pronounced than

the effect of slot location• The geometry parameter that produced the

most significant reduction in wake size for a forward slot configuration

was the rear section leading edge radius, rl, (figure V-7). When this

radius was increased from 0.028 to 0.056 in., the wake loss coefficient

decreased from 0.031 to 0•012•

The Coanda radius was the most significant geometry parameter that

was varied for the rear slot configuration. A slight increase in Coanda

radius produced a slight decrease in wake loss (0.063 to 0•053). Sub-

sequent increase in Coanda radius resulted in a large increase in wake

loss coefficient (up to 0.130). This change in wake loss suggests the

probability of an optimum Coanda radius. Insufficient data were obtained

to evaluate the optimum Coanda radius for the forward slot location•

Additional two-dimensional or annular cascade investigation is needed

to provide basic information on the mechanism of slot effectiveness. Such

investigation should include systematic evaluation of slot location and

geometry over a range of Mach numbers, incidence angles, and loading

levels.

H
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APPENDIX A

LIST OF SYMBOLS

Description Units

Chord length

Lift coefficient

Static pressure coefficient

Mach number

Static pressure

Total pressure

Dynamic pressure, 1/2_V 2

Blade spacing

Velocity

Air angle, measured from axial line

Ratio of specific heats

Blade chord angle

Solidity

Total pressure loss coefficient

in.

psia

psia

psia

in.

ft/sec

deg

deg

c/s

Local vane surface point

Pressure surface

Suction surface

Tangential

Guide vane inlet station

Guide vane exit station

Stator inlet station

Stator exit station
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Mean radius and wall static pressure data for all of the test con-

figurations are presented in this appendix. The following tabulations

are included :

Table B-I ........ Guide Vane Exit Air Angle,

midspan

Table B-2 ........ Vane Surface Static Pressure

Coefficient

Table B-3 ........ Total Pressure, midspan

Table B-4 ........ Wall Static Pressure, Weight Flow,

Mach Number, Dynamic Pressure

Table B-5 ........ Stator Exit Air Angle, midspan

LJ
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Configuration

Unslotted

1

IA

Forward Slot

2

5

7

9

15

18

Rear Slot

4

6

8

i0

14

Pratt &Whitney I::lircraft
PWA FR-I 669

Table B-I. Guide Vane Exit Air Angle

Circumferential

Location, deg

Guide Vane Exit Air Angle

(Midspan) _, deg

Station

1

18

48.3

50.1

48.2

46.4

143

2

243 323

46.9 51.8 48.0

47.4 51.8 47.9

42.5 52.3

45.4 51.5

45.4 51.4

45.9 51.7

45.8 53.7

49.4

47.4

48.5

50.0

47.5

47.4

47.6

46.0 51.3 47.3

45.6 50.6 48.5

45.8 51.0 48.9

46.3 51.8 47.1

45.3 51.4 46.8

z
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Stator Exit Air Angle, Midspan

$ :

L

Configuration Stator Exit Air Angle,

Midspan, deg

Unslotted

1

IA

Average

Forward Slot

2

5

7

9

15

18

Average

Rear Slot

4

6

8

i0

14

Average

*Not used to compute average.

Circumferential
24 65 228 328

Location, deg

23.8 21.4

23.7 21.4

23.7

23.5 21.9

21.9 18.5

21.9 18.3

21.7 18.2

24.3* 21.9 20.0

21.2 22.4 21.2

22.0 '

21.6 21.3

21.7

23.9 18.9

21.4 22.8 19.3

18.6 21.9 19.0

21.4

22.9

22.3

23.2

21.9

22.6

22.2

22.6

22.8

24.4

19.9

m

o •
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I - Wind Tunnel Technique and Interim Note. E. J. Richards.
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Figures in the following pages are presented as cited in this report.
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